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CALIBRATIONOF STRAIN-GAGEINSTALLATIONSINAIRCRAFT

STRUCTURESFORTKEMEASUREMENTOF FLIGHTLOAM1

By T. H. Skopinski,WilliamS. Aiken,Jr.,
andWilberB. Huston

SLMMARY

A generalmethodhasbeendevelopedforcalibratingstrain-gage
installationsin aircraftstructures,whichpe~its theme=u=ment in
flightof theshearor lift,thebendingmoment,andthetorqueor
pitchingmomenton theprincipalliftingor controlsurfaces.Although
the stressin structuralmembersmay notbe a simplefumctionof the
threeloadsof interest,a straightfo~ardprocedurefS givenforn~eri-
callycombiningtheoutputsof severalbridgesin sucha way thatthe
loadsmaybe obtained.Extensionsof thebasicprocedureby meansof
electricalcombinationof the strain-gagebridgesare describedwhich

. permitcompromisesbetweenstrain-gageinstallationtime,availability
of recordinginstruments,and datareductiontime. Thebasicprinciples
of strain-gagecalibrationproceduresare illustratedby referenceto
the datafortwoaircraftstructuresof ty??icalconstruction,onea
straightand theothera swepthorizontalstabilizer.

INTRODUCTION

Themeasurementof loadson aircraftin flightis requiredfora
varietyof purposessuchas in researchinvestigations,structwalinteg-
ritydemonstrations,and developmentalfli@t testing.Althoughpressure-
distributionmethodspermitthedeterminationof aerodynamicloadswithout
correctionsfor inertiaeffects,pressureinstallationsmustbe verycom-
pletein orderthataccurateloaddatamay be obtained.Sincethetimeof
installatioriand datareductionmaybe lengthy,the generaluseof
pressure-distributionmethodsin themeasurementof loadson aircraftin
flightis avoidedexceptwhenspecificdetailedload-distributiondata
aredesired.

%upersedesthe recentlydeclassifiedNACARM L~2G31,‘*Calibrationof
Strain-GageInstallationsinAircraftStructuresfortheMeasurementofm
FlightLoads”by T. H. Skopinski,WilliamS. Aiken,Jr.,andWilberB. Huston,
1952.
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A moreusefultoolforthemeasurementof theover-allloadson air-
craftstructuresappearsto be thewireresistancestraingage. Properly
installedand calibrated,suchgagesmaybe usedto “determinethe struc-
turalloadson controlsurfaces,landing-ge~structures,andrelatively
complexbuilt-upwingandempennageassemblies.Themeasuredstructural
loadscan,in turn,be convertedto aerodynamicloadsprovidedthestruc-
turalweightdistributionis knownandtheaccelerationdistributionhas
beenmeasured.

References1 to.sillustra-variousstrain-gagecalibrationtech-
niques,certainelementsof whichar.e.commonto a generalmethodwhich
hasbeenusedsuccessfullyin-flightloadsresearchliytheNational
AdvisoryCommitteeforAeronauticssince1944-;references6 and 7 contain
typicalflightloadsdataobtainedby theapplicationof thisgeneral
method. Becauseof the increasedinterestin strain-gagemethods,and
inan attemptto resolvesomeof thedifficultieswhi-charebeingencoun-
teredintheuseof straingagesforflightloadsmeasurements,thepre-
sentpaperisbeingpublished.

In thispa~r a basiccalibrationprocedureis @velopedforcali-
bratingstrain-gageinstallationson aircraftstructureswhichpermits
themeasurementin flightof theshear,bendingmoment,andtorque.
Extensionsof thebasicprocedureby useof electricalcombinationof
strain-gagebridgesare.describedwhichpermitcomprcinisesbetween
strain-gageinstallationtime,availabilityof recordinginstruments,
snddatareductiontimeforflightmeasurements.Sincemanyof theele-
mentsof the calibrationprocedurearebestillustratedby referenceto
and useof experimentaldat~,thispaperalsoincludescalibrationdata
andanalysisproceduresusedfortwotypicalaircraft-structures.In
addition,threeothercalibrationproceduresof verylimitedapplication
arebrieflydiscussedin an appendix.

SYMBOLS

LP generalsymbolforshear,bendingmoment,or torque
(seeeq. (40))

M bendingmoment,in.,-lb

T torque,lb-in.

v shear,lb - - .--.

Note: Prime(i)denotesappliedvaluesof.cazibrateloads,

—

.

u
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Subscriptspertainln&to M, T, andV or M’, T’, andVI:

L left

R right

j nwnberof appliedloadsforexactsimultaneous-equation

3

solutions

n numberof appliedloadsforleast-squares

preltiinaryloadcoefficientforstructureA

preliminaryloadcoefficientfor structureB

finalloadcoefficientforstructureA

finalloadcoefficientforstructureB

constantsin equation(34)

elementof inversematrix

distancefromtorquereferenceline,in.

solutions

generaltermfornonlinearchordpositioneffect

distanceperpendicularto centerlineoutboardof strain-gage
station,in.

distancealongsweepaxisoutboardof strain-gagestation,in.

generaltermfornonlinearspanpositioneffect

constantin influence-coefficientequation

constantin loadequation

deflectionof galvanometersIn strain-gagecircuit

calculatedgalvanometersdeflectiongivenby equation(35)

deflectionof galvanometersin strain-gagecircuitdueto
shuntingof calibrateresistoracrossonearm of thestrain-
gagebridge



Gv residual,differencebetweencalculatedandappliedshear

IJ nondimensionalbridgeresponse,%m#cal

vi nondimensionalresponseof the ith uncombinedstrain-gage
bridge(i= 1,2, 3, . . . j)

~ij nondimensionalresponseof the Jth uncombinedstrain-gage
bridgedueto the ith appliedcalibrateload(exact
solution,i = 1, 2, 3, . ... j)

klj nondimensionalresponseforthe jth uncombinedstrain-gage
bridgedueto the nth appliedcalibrateload(least-
squaressolut-ion,n>j)

I-fT nondimensionalresponseof an uncombinedshearbridge

%
nondimensionalresponseof an uncombinedbending-momentbridge

WC nondtiensionalrespon8eof an uncombinedtorquebridge

Additionalsubscriptsfor V:

Secondsubscript:

L leftside

R rightside

F frontspar

M mid spar

R rearspar

FT fronttop

FB frontbottom

.

RIP reartop

RB rearbottom

.

.
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Thirdsubscript:

1 strain-gagestation1

2 strain-gagestation2

Example:w~l desi~tes thenondimensionalresponseof an

uncombinedshearbridgemountedon the leftfrontsparat strain-
gagestation1

P nondimensionalresponseforelectricallycombinedbridges,

Note: Subscriptsfor p are thesameas for u except
locationof combinedbridgesis notrequired.

Matrixsymbols:

[1
II II

T

II II

LJ

{}
[1

-1

1[11

i

3

squarematrix

rectangularmatrix

transposeof rectangularmatrix

rowmatrix

columnmatrix

inversematrix

determinantof matrix

row index

columnindex

thatspar
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BASICPROCEDURESFORCAIJERATION *

GeneralConsiderations A

Althoughtheuseof thewireresistancestraingageforloads
measurementsis in somerespectsstiilarto itsusein stressdeter-
mination,a somewhatdifferentapproachi-srequired;incestrainis to
be usedonlyas a meansof obtaininginformationabo@ the loads. In
stressmeasurement,a singlestraingageis usuallytiedto determine
thestressin a member. In loadsmeasurement,four-active-armbridges “’
aregenerallyappliedon theprincipalstructuralmembersin orderto
obtainhighersensitivityandrelativefreedomfromtheeffectsof
unifOrmstructuraltemperaturec~g.es.. _. .-

—

In flightresearchthe loadsof primaryinterestaregenerallythose
onwingor tailsurfaces,and,in order&shnplify ~he expositionof’the
proceduresin thispaper,.descriptionsaregenerallygivenin termsof a
cantileverstructuresuch.asa wingor tail. Themethodsmay,however,
be utilizedwithother~tructures. .

The first~tepin themeasurementof’flightloadsby meansof strain
gagesisa selectionof thegagelocation,whichdependson themeasure-
mentsto be made. 1{% necessaryto locatethe gagesat positionswhere ““ “
thestresslevelswillbe adequateto obtaingoodsensitivityand,at the
sametime,be awayfromareasof localstressconcentrations.A typical
installationis illustratedin figurel(a),wherefour-active-armbridges
areshowninstalledon a typicaltwo-sparstructure.Ideally,itwould .-

be desirableto placethegagesat a positionsucht@t a shearbridge
wouldrespondonlyto shear,and,as inreferencel,-amoment-bridgeonly
tomoment,andso forth,bu~enerally it is onlyinan elementarytruss
typeof beamthatlocationscanbe foundwheresucha simplerelationship
betweenloadmd strainexists.

The loadson a surfacesuchas an airplanewin~canbe completely
specffied.bythreeorthogonalforces(normal,chord;andend force)and
by threeorthogonalmoments(beambendingmoment;torque,ad chord
bendingmoment).The strainin a givenstructuralm~mbercan,therefore,
be expectedtobe somefunctiono~thesesixquantities,andthisstrain
responsem~t be takenintoaccountinanyschemewhichrelatesbridge
outputto appliedload. Sucha schemeshouldalsoallowforthefact
that,witha complexstructuresuchas a wingor tail,the”stressina ““
rootmembermaybe affectednotonlyby the loadsoutboardof thebridge
stationbutalsoby loadson theoppositesideor inboardof thestrain-
gagestation.Thiscarry-overeffectcanbe of significancewithunsym-
metricalloadingconditions.Certainsimplif’icatioti”arepossible,how-
ever,sincetheend forceon wingscanbe negl”ectedl_andtheeffectsof
chordforceswillbe negligibleforthetypesof’strain-gageinstallation
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shownin figure1. For a wingstructurewhichobeysHooketslaw,the
stressin a memberand,therefore,theoutputof a straingagemounted
on thatmembermaybe takenaa somefunctionof thethreeprincipal
termspertinentto aerodynamicloadsinvestigations,the liftor shear,
thebendingmoment,andthepitchingmomentor torque.

Developmentof Equations

The stiplestrelationbetweentheoutput I-Lof a strain-gagebridge
andthe loads(shear,moment,andtorque)on a paneloutboardof that
bridgecanbe expressedby thelinearequation

vi = ail v ‘ai’z?+ ai3T
(1)

In thepresenceof carry-over,an expansionof thisrelationwouldbe
necessaryin orderto includetheresponseof thebridgeto loadsapplied
on theoppositesideor inboardof thebridgestation.. Suchadditional
termsareintroducedwherenecessaryin thesectionentitled“Application
of procedures.’t

The loadsin equation(1)neednot representloadsdistributedover
theentireareaoutboardof thestrain-gagestation providedthestructure
conformsto theprincipleof superposition;thatis,thestrainat a par-
ticularlocationdueto loadsappliedsimultaneouslyto severalpointson
thestructureis thealgebraicsumof thestrainsdueto thesameloads
appliedindividually.In thiscase,the loadin equation(1)couldbe a
loadwitha shearvalue V appliedat somepointwithcoordinatesx,y.
Thusthe loadwouldhavebendingmomentandtorquevaluesgiven

M = Vy

T=VX
)

inwhichcaseequation(1)canbe rewrittenas

vi—=
v ail + ai2y+ ai3x

-.
Equation(3)impliesthatbridgeoutput

appliedshear V andalsothattherelation

.

isproportionalto
betweentheoutput

by

(2)

(3)

the
andthe ,
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coordinatesof thepointof application(x)y)is linear.Althoughthe
twotypesof linearityrepresentedby equation(3)arerathersevere
restrictions,certaincalibrationprocedureshave-essentiallybeenbased
on thisequation,andaretreatedbrieflyin theappendix.In thegeneral
case,equation(3)is notadequate.Althoughstruct~eshaveusuQlly
followedHooketslaw,additionaltermsinvolvingotherthanthe first
powerof the coordinatesarerequiredif an explicit.expressionfor
bridgeresponseisto be written.Nonetheless,eqtition(3)is useful
in evaluatingtheperformanceof a bridge,if loadsareappliedat a
numberof pointson the surfaceandthebridgeoutputexpressedas p/v
isplottedagainstthe y coordinateof thepointof applicationwith
x as an independent~arsmeter.Shearsensitivityis representedon such I

a plotby the in;ercept(equalto ail)when x = Y = 0. Bending-moment
sensitivityis shownby theslope ai2 of a plotof p/V against y
fora constantvalueof x, whereastorqueresponseis representedby the
variationof p/V with x at constantvaluesof y. The valueof p/V
thusrepresentsa sortof strain-gageinfluencecoefficient,andsinceit-
representsthe influenceon thebridgeoutputof a loadat a givenpoint,
plotsof I.L/Vagainst x and y aretermed“influence-coefficient
plots.”Curvaturein theseplotsfo~.loads”applied”alonganystraight
lineon thestructureindicatesthenecessityof includingadditional
tezmsin thebridge-responseequation.Althoughthe formof theseaddi-
tionaltermscouldperhapsbe specifiedon theoreticalgroundsforsome
structures,it is shownthatit-is notnecessaryto lmowexplicitlywhat
theseadditionaltemnsare.

An extensionof equation(3)whichincludesadditionalterms
involvingthecoordinates.mdwhichcouldapplyto any of thebridges
locatedin thestructureis

vi = ailv+ a~vy + ai3vx+ ai4v= +

2
aipvx + ai6Vy2+ . . . + %jv~rys (4)

A calibrationprocedurecanbe evolvedwhichallowsforthepresenceof
theadditionaltermsby establishingrelationshipsbetweenappliedload
andtheoutputsof a numberof bridges.Thebasisof thisprocedureand
itsapplicationare illustratedintheequationswhichfollow.

Whenbridgesexhibitresponseswhichcanbe representedby equa-
tion (4), witha finitenumberof terms(say j),thenequationsmaybe

.

.

.

.

*
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writtento relatetheappliedshearand itspointof applicationto the
outputof eachof j bridgesas follows:

‘2 = a21v

P3 = a3lV

. .

. .

. .

r-

+...
+ %j-s

+ awVy + a23Vx+ a2&Vxy+ . . . + a2~Vx$~

. . .

. . .

. . .

. . . .

. . . .

. . . .

+ aj2vy+ aj3vx+ aj4vxy+ “ “ “ + ajjvfl~ I
Theseequationsareexpressedinmatrixformas

; 11 a12 a13

%1 a22 %?3

a31 a32 a33

. . .

. . .

. . .

ajl aJ2 aj3

. . .

. . .

. . .

. . .

. . .

. . .

. . .

‘%j

%2j

a3j

.

.

.

ails—

or

-@} = [q+}

d

(5a)

v

Vy

Vx

.

.

.

(5C)

Equations(5)expresstheoutputof a manberof bridgesas a linear
functionof an equalnwnberof termsof thetype Vxr&. The inverse

.
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relation
function

where

The
tionfor

is thereforetrue
of theoutputsof

—. ..- NACAm 2993

thatthe loadscanbe exp~essedas a linear
j bridges,or .

—

f-} = [,1-p} (6) -

—.

[f]= [a]“ (7)

necessarymathematicalconditionfortheexistenceof a solu-
the 6 coefficientsof eauation(6)is thatthedeterminant

of the a coefficientsof equatio& (5)shallnotvanish,thatis

Thisconditionmeansthatthe j strain-gagebridgesmusthavedif-
ferentcharacteristics,thatis,thevaluesof a foreachbridgemust
not.belinearlyrelatedto thevaluesof a fortheotherbridges.If
thissolutionexists,it isnotnecessaryto knowthevaluesof’thecon-
stants aid in the influence-coefficientequations(5)sincethe load
coefficientsPij in the loadequations(6)couldbe determinedby a
suitableprocedure.Theprhnarypurposeof theprocedure,however,is
to establishrelationshipsbetweenbridgeresponseandthqthreeloads,
shear,moment,andtorque.It is thereforenotnecessaryto evaluate
allof the p coefficientsinequation(6) but onlythevaluesof the
coefficientsin thefirstthreerows,that-is:

(9)

.

.
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thesecoefficientscanbe established,thenequation(9)could
forthedeterminationof loadsin flightfromstrain-gage

responses.

The coefficientsPll . . . Blj in theequationforshear

[1VI1-%

or transposedas

.

v= L$11 1313 . . .

Lv= VI P2 IJ3 “ “ “ hJ

V3
.
.
. I

uJPj

(lOa)

(lOb)

canbe determinedifa nunberof knownloadswithshearvalues v~~

to Vfj areappliedto thestructure.In viewof equation(4)these

loadsmustbe appliedat variouschordwiseandspanwiselocations.If
thenumberof appliedloadsis equalto thenunberof bridges j, then
theseloadsandthebridgeoutputscanbe writtenas

.

.

.

. . .

. . .

. . .

. . .

. . .

. . . 1311
312
...
Plj

(lML)
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(llb)

{}
andthecoefficients@ canbe determinedfromthesolut-fonof the

simultaneousequations,or sincematrixinversionisequivalentto
solutionof thesimultaneousequations,

(12)

In general,thenumberof bridgesrequiredin equations(5)and
thusin equations(9),(10),and (11)isnotlmownin advance,andthere.
foretheexactnumberof calibrateloadsrequiredcannotbe specified.
If j bridgesare available,allof whichmightbe _required,then n
calibrateloadscanbe appliedwhere n > j,andthevaluesof the load
coefficientsPll ● ● . Plj canbe obtainedby least--squarespro-
cedures.Sucha solutioninvolvescalculationof theleast-squares
normalequationsandsolutionof theresultingsimultaneousequations.
Thesestepscanbe representedconvenientlyas a seriesofmatrixoper-
ations.There~ponses
wouldbe relatedto the
theequation

or

.

.

.

TJtn

hlj of j bridgesto eachof n appliedloads
shearvalues of theseloads V?l . . . V?n by

—

. . . . . .

. . . . . .

~~1 ‘np . . . ~J
. .

(13b)

.

.

.

.
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Premultiplicationof bothsidesof equation(13b)by
bridgeresponsestransposed,givesthe least-squares

13

thematrixof the----
normalequation

~l+drq=~,w,rwndil-pu}(14)

andthevaluesof theloadcoefficients[1Plj are determinedby solu-

tionof the j simultaneous

-. r

L -J

equations,or

(15)
k d L d

Whenthe n loadswithshearvalues V’n areappliedat the
n loadingpoints, n valuesof bendingmomentand torqueare fixed
(eq.(2))andthustheprocedureoutlinedin connection withequa-

tions(11)to (15)canalsobe usedto determinethevaluesof
{}
$2J

and
{TP3j , equation(9),whichareneededto evaluatemomentandtorque.
La

The necessaryconditionforthe
solution(15)to equation(14),that
thenormalequationsis greaterthan

Ir

existenceof the least-squares
thedeterminantof thematrixof
zero,or

11141’wJll‘0
11- 41

requiresthatbridgeswithsimilarresponsecharacteristicsshouldnot
be‘used

As
bridges

together.

pointedout in
requiredfora

characteristicsof the

Selectionof Bridges

connectionwithequations(5)thenumberof
givenloadequationdependsupontheresponse
bridges.Experiencehasshownthat,whenshear

bridgesareplacedat a givenstationon thewebsof allspars,bending-
momentbridgeson the flangesor skin,andtorquebridgesin thetorque.
boxes,enoughbridgeswillbe availableto developan equationforshear, ~
ormoment,or torque. Usuallymorethanenoughbridgesareavailable.

.
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If the j in equation(9)is takenas alltheavailablebridges,
thentheparticularforgtheequationshou}dtakefor-aparticular
structure- thatis,.whichof-thevaluesof ~ are z~ro- “dependsupon
thenatureof thestructure.Oftentheformcanbe determinedby
analogywithotherstructures,but somebridgesmay havesuchsimilar
characteristicsthattheoutputof oneis a linearmultiple-of theout-
putof another(redundant)or somemay be irrelevant(~= O). Redun-
dancycansometimesbe “recognizedfromexaminationof-theinfluence-
coefficientplots. Irrelevancyisnotalwaysso easilydeterminedand
an advantageof least-squaressolutionforthe loadcoefficientslies
intheavailabilityof standardstatisticalmethodsfordeterminingthe
reliabilityandrelevancyof anyequation.Severalchecksmaybe
employed.By referringto equation(10)forshear,onecheckis to
substitutethe n setsof-measuredvaluesof bridgeresponse‘nj into
theloadequationandcomparethe n calculatedvaluesof shearwith
the n appliedvalues.Defininga residual.CV as the difference
betweencalculatedandappliedvaluesof shear,or

-@} = {v}-
givestheprobableerrorof estimateof
tion(10)as

.- ..

{}
V* (17) -

shearvaluesobtainedfromequa- .

—

P.E.(V)
II
E 6V2

= 0.6745 —
n- q

(18)

numberof loadsapplied

numberof termsin Calibrationequation .

sumof squaresof theresidualswhichmaybe calculatedfrom
therelationship

x~F=xi,J2-pl~{l%,llTff}}(19)

wherethecolumnmatrixon therighthas alreadybeen calculated
in connectionwiththesolutiono~-equation(15)
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Theprobableerror(ref.8) in anyof the calibrationcoefficients
is obtainedfromtheprobableerrorof estimateforthe equationand
fromthetermson theprincipaldiagonalof thematrix

[1mll mu . . . mlj

VI mw . . .

. . . . .

. . . . . ‘:= p4Tlldil-1. . . . . .
‘ji ‘j2 - ● “ ‘jj

(20)

wherethematrixon therightalsoappearsin thesolutionof the least-
squaresnormalequation(15). The relationfortheprobableerrorsof

.

1P“E*(BIJ
P.E.(912)

[J. = P.E.(V)
.
.

p=E.(B1j)

.

..JGm

(21)

andsimilarrelationshipsapplyto theprobableerrorsin the loadcoef-
ficientsin equationsforbendingmomentand torque.Withthecoef-
ficientsand theirprobableerrorscomputed,it is possibleto checkthe
calibrationequationfor inclusionof irrelevantbridgesandredundancy.
The loadcoefficientP of an irrelevantbridgeis ordinarilysmallin
comparisonwithitsprobableerrorand in comparisonwiththe coefficients
of theotherbridges.Redundancyisevidencedby largeprobableerrorsin
allcoefficients,generallyas a resultof largevaluesof mll . . . mjj
ratherthanof theurobableerrorof estimate.Improvedresultscanoften
be obtainedby drop~ingoneormoreredundantbrid~esand
B coefficients.For detailedco~paris”onsof a numberof
involvingvariousselectionsof theavailablebridges,an
of thesignificanceof any @provementisprovidedby the
forexample,reference9.

.

recomputingthe
loadequations
objectivetest
F-table,see,
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ProceduresforBridgeCombination

Whenthevaluesof theloadcoefficients9 h equation(9)have
beenobtained,theycanbe useddirectlywiththemeasuredoutputsof
theindividualbridgesfortheevaluationof flightdata. Punched-c=d
methodsareparticularlyconvenientforhandlingthe largequantities
of numericalworkinvolvedif loadsarerequiredintime-historyform.
By electricalcombinationof theoutputof severalbridges,it is,how-
ever,possibleto simplifyflightrecordingandto reducedatareduction
time.

Fullcombinationprocedure.-If theshearexpressionin equation(9)
requires J bridgesandtheloadcoefficientsPll . . . Plj havebeen
obtainedby leastsquares,theequationforshearwouldbe

Factoringoutthecoefficientwiththegreatestmagnitude,say
j3u,gives

v=

By suitablechoiceof
3,&, . ..j canbe

attenuatingresistors,theoutputsof bridges1,
addedto theoutputof bridge2 to producea new

combinedbridgewithan output ~ whichisproportionalto thesum

%1 Plj
—1’11+’v2+. ..— ‘Thisoutputisa directmeasureof shear
Blz BE ‘j”
alone,or

v ‘ P’PV (24)

A similarprocedurecanbe usedto obtaincombinedcbnnelswhichprovide
directmeasurementsof bendingmomentor torque.The Pi coefficients
areobtainedby a finalcalibration,applyingloadsat variouschordwise
andspanwiselocationsas inthepreliminarycalibration.

An electricalcircuitwhichaccomplishestheadditionof Pll
—P~ +0
P12

V2 is shownin figurel(c). TheattenuatingresistanceRA isrelated

.
-.—

.

.
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to theresistanceof
thecombiningratio

17

the individualgages R and to thereciprocalof
B1l/Bu by theequation

(25)

. Whenthecircuitisextendedto includemorethantwobridges,an
equationof the formof equation(25)appliesto eachof theattenuated
bridges.Since,however,withdirect-currentcircuits,any givenbridge
canbe usedin onlyonecircuit,useof thisfullcombinationprocedure
usuallyrequiresmultipleinstallation of the individualstrain-gage
bridges.If carry-overwerepresent,itsusemightrequirethatsome
bridgesbe installedin sextuplicate.If thenumberof bridgeswhich
couldbe installedwerelimited,useof the fullcombinationprocedure
couldrestrictthenumberof loadswhichcouldbe measured.

Partialcombinationprocedure.-A partialcombinationprocedme
canbe evolvedwhichstrikesa comprmniaebetweenthedatareduction
timeof thebasicprocedure(eq.(9))andthebridgeinstallation
requirementsof thefullcombinationprocedure.In thispartialcombi-
nationprocedure,dataobtainedduringa preliminarycalibrationare
usedto combinebridgeswiththesameprimarysensitivity,thatis,the

. shearsensitivebridgeson onesideof thestructureare combinedinto
a singlechannel,themomentsensitivebridgeson onesideintoa single
channel,and torquesensitivebridgesintoa singlechsnnel.Thestruc-
tureis thenrecalibratedto determinethefinalcalibrationcoefficients.
The detailsof theprocedureas givenbeloware fora three-sparstruc-
turesubjectto carry-overeffects.Theprocedurecanbe extendedto
otherstructures,or simplifiedforstructureswithoutcarry-over.

Thebridgeinstallationforthestructurechosento illustrate
theprocedureis assumedto consistof threesetsof shear,momentand
torquesensitivebridgeson eachside(atotalof 18 bridges),whichby
thebasiccalibrationproceduremightrequirethesolutionof sixsets
of equationsinvolvingas manyas eighteenunknowns.Insteada pro-
cedureis adoptedwhichinvolvesthesolutionof sixsetsof least-
squaresequationsbasedon certainsimplifiedloadequations,containing
at mostsevencoefficients.For example,forleft-sidesheartheequa-
tioninvolvesthreeshearbridgeswithoutputs Wl, V2jand V3,the
left-sidemoment,andthethreeloadsappliedon theright,or
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By electricalcombinationof bridgeswithresponseVI, V2,and P3 a
combinedchsmnelis obtainedwithan outputprimarilysensitiveto shear,
secondarilyresponsiveto ML, VRj MR, =d TR, and-whichby the least-
squaresprocesshasminigizedtheeffectsof chordwisepositionof load
on theleftside(TL)andanyothertermsof the-typeVxrfl.

Inmatrixnotationthe 13 coefficientssrecomputedby a least-
squaresproced~estartingwithequation(26)or,.-

The
and

[:

v lL1

v 1L2

.

.

.

v‘h
or

preliminarycalibrationdatafor
momentsand

.

corresp-dndingbridge

. .

. .

. .

(27’)

11~16
~17

the n valuesof appliedshears
responses.are

VIR1 MtR1

VtR2 M’R
2

. .

. .

. .

W M‘L-nv‘Rn M‘%

T‘Rl

T ‘R
2

.

.

.

T ‘Rn

where 041 is therectangularmatrixof eqwtion (28a).

.

.

“

(28a)

(28-b)

.’

.
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The least-squaresnormalequationsare

Therefore

The ~ coefficientsfor
MR, and TR are
tionssimilarto
equation(28)in

vL----
ML ---

-- TL --
--- ‘R -
--- - M~

19

(29)

(30)
L J

thepreliminaryequationsfor ML, TL, VR,
obtainedin a similarmannerfromsimplifiedloadequa-
equation‘(26)andwhichmaybe summarizedalongwith

--- -- TF

matrixformas

wherethetermson th
ones of interest.

(31)

principaldiagonalof the leftsidearetheonly

Theknownloadcoefficients~11~ $12) $13)“ ● ● @61> ~62J ~63
intheupperportionof theP-matrix (eq.(31)) areusedto calculatethe
attenuationrequiredforelectricalcombination.For exsmple,theattenu-
ationfactorsfor
wouldbe obtained

theshearsensitivecombinedbridgeon theleftside
fromtheequation

(32)

.
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where 131kdenotesthecoefficient@n, Pu, or ~13 withthe
largestmagnitude.The sixcombinedbridgeswithoutputs pvL, ~L,

PTL, pVR~ PMR)and pTR arethenrecalibratedby applyinga setof

calibrateloads(notnecessarilythesameas thoseusedIn thepre-
liminarycalibration)to thestructure.Thisfinalcalibrationshould
includebothsymmetricalandunsymmetricalloadingconditions.The
finalequationsforuse in evaluationof theflightdataareofitheform

:!v~

ML

TL
=

VR

MR

TR I%L
fw~
%L

f%R

%i~

PTR
.

.

.

7 (33)

wherethe !3~coefficientsareevaluatedby least-squares.

APPLICATIONOF PRCXXDURES

To illustratetheapplicationof thecalibrationproceduresjust
outlined,thecalibrationof tworepresentativestructurtiis described
in detail.The calibrationof thesestructurespresentedmostof the
problemsthathaveariseninthecourseof thecalibrationof a great
manystructuresintheLangleyaircraftloadscalibrationlaboratoryof
theFlight”ReSearch.Division.In additiontheyalsoillustratetheuse
of thepsmtialandfullcombinationprocedures.StructureA isa three-
sparunswepthorizontalstabilizerandelevaturassemblywithaspect
ratio6.7, taperratio0.29,and 12°dihedral.StructureB isa two-
sparhorizontalstabilizerwiththe quarter-chordlineswept35.60,
aspectratio4.65, taperratio0.45,and 10°dihedral.

Thestrain-gagelocationsforstructureA areshown@ fi e 2.
rShearandbending-momentbridgesof thetypeshownin”figure1 a) were

installedon allthreesparsat stationsparallelto thecenterline.
The strain-gagelocationsforstructureB areshown@ figure3.

.
Shear

andbending-momentbridgeso?.thetypeshownin figurel(a)wer&installed
.
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.

on bothsparsat station1 (parallelto thecenterline)andat sta-
tion2 (perpendicularto thesweepaxis). In addition,fourtorque
bridgeswere installedon theskinbetweenthesparsat a statio~perpen-
dicularto thesweepaxis,on the leftside. The leadsfromeachstrati-
gagebridgewereroutedintoindividualbalancecircuits.Eachcircuit,
figurel(b),containeda balancepotentiometerRB ~d a calibrate
resistor~. Whencombinedbridgeswereused, the attenuating resis-

torswereincorporatedin themannerindicatedin figurel(c). Changes
in currentforeitherindividualor combinedbridgesassociatedwith
strainchangesin thestructureundertheapplicationof calibrateloads
wererecordedby meansof a spotlightgalvanometers.Bridgesensitivity
wasmadeindependentof voltagechangesby shuntingthetiowncalibrate
resistor~ acrossonearm of eithersingleor ccmbinedbridgessnd
measuringtheresultantgalvanometersdeflectionbcal. The calibrate
loadsappliedto eachstructurewhethertheywerepointloadsor distrib-
utedcheckloads,wereappliedin fiveequalincrementsandremovedin
thesameincrements.Valuesof thegalvanometersdeflection5 were
recordedforeachloadincrement.A strai@t lineof the form

(34)

was gittedto the 11 datapointsby meansof leastsquares,andthe
deflectionusedforthe loadingwas thevaluegivenby theproductof
the least-squaresslope ~ andthecalibrateload,or

5_ = ~ X calibrateload (35)

Thevalue of p (Or P) correspondingto thecalibrateloadwas then
takenas

(36)

An attemptwasmadeto minimizeanypossibleeffectsof elasticlag
by runningthroughseveralcyclesof loadbeforetakingdata,andby
takingas a referenceconditionnottheno-loadconditionbut a datum
determinedby a preload.

StructureA

The applicationof calibrationproceduresforobtainingshearand
bendingmomenton a structurewherelargecarry-overeffectswerepresent

.
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is illustratedby structureA wherethepartialgagecombinationpro-
cedurewas usedin orderto measurebothsymmetricalandunsymmetrical
tail.loadsin flightwithas fewrecord@gchannels.andas fewstrain
gagesas possible.Therelationshipbetweenindividualstrain-gage
responseandappliedloadsforthestructurewas obtainedby applying
pointloadsat threegpanwiseandthreechordwise~sitionsperside
forboththepreliminaryand finalcalibrations.The chordandsemi-
spanlocationsof appliedloadsareshownin figure1 andthevalues
of shearandbendingmomentiaregiven in tableI. Tointloadswere
appliedto theleftsidealone,theright-sidealone,andtu bothsides
shnultaneously.

Preliminarycalibration.-Thenondimensionalbridgeresponse
values v foreachof the12 bridgesforeachof the27 loadsare given
intable1, andthe influence-coefficientplots p/V arepresented.in
figures5 to 8. To illustratetrends,curveshave.beenfairedthrough
thedatapoints.Theequationsfordeterminingtheloadcoefficients
forelectricalcombinationwerebasedon equation(31)withouttorque
measurementandsomesimplificationssuggestedby examinationof the
influence-coefficientplots(figs.5 to 8). Thesimplifiedequations
aresummarizedinmatrixformas

ML

.-
—.

--

--

- v~

--

.-

--

--

--

MR -
--

--

WW %4M ~LR1- -“R---- -
MR - ML -

‘~L-
--- -
--- -

allaa -.*41851-

a12*22- ak2*52-
%3 *25- ‘%3“53-—— —. _
a14 - “ 844 - -
--- ---

%6 ‘& - *46856-
--- ---

(37)

wherethesubscriptson thestrain-gageresponsew denotetheprimary
sensitivityandlocationof thebridge,andthe ~ij of equation(31)-
havebeenreplacedforstructureA by thesymbol aij. Thevaluesdeter-
minedfor all to a56 by least-squareproceduresare giventogether
withtheirprobableerrorsin thetophalfof table11.

By usingtheprocedureof equation(32)andtheIsrgesta coef-
ficientsgivenin table11,thestrain-gagebridgesof equation(37)

.
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werecombinedelectricallyto produce
accordingto the followingequations:

fourpartiallycombinedbridges

(38)

.
Finalcalibration.- The structurewas loadedagainwiththesame

loadsas in thepreliminarycalibration.Influence-coefficientplots
. for ~L, PML> PVR~and PMR (fig.(9)) showtheresponseof the

combinedbridgesto the loads“appliedin thefinalcalibration.The
finalshearandbending-momentequations,whichwerestiilarto equa-
tion(33),were

!

.
v~

ML

‘R

MR
.

a’11 ar12%3 “14

at
21 “22 “23 “24

a ’31 “32 “33 “34

“41 “k2 “43 “44
—

(39)

The finalcalibrationcoefficientsatll to a’~ are givenh tableII.
Alsogivenin tableII aretheprobableerrorsof estimateobtainedby the
useof equation(18)andtheprobableerrorsin the coefficientsobtained
fromequation(21). Zeroesin tableII indicatethatthecorresponding
bridgeswerefoundto be irrelevant.

. As a checkon theapplicabilityof equationsobtainedby thepoint
loadcalibrationto thedeterminationof distributedloadsas encountered

.
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distributedload
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Al shownin fi@e-10 was appliedto
thegageresponse,theappliedand

calculatedvaluesof’shearandbendingmoment,thedifferences,andthe
percentagedifferencesare givenintable111; Samplecalculationsfor
thepreliminaryand finalleft-shearloadcoefficientsforstructureA
togetherwiththeprobableerrorsarepresentedin tableIV.

—

StructureB

Theapplicationof calibrationproceduresforobtainingshear,
bendingmoment,andtorqueon a swept-structureis illustratedby struc-
tuxeB forwhicha formof the fullcombinationprocedurewas used. The
dataforstructureB wereobtainedas partof a generalinvestigationof
calibrationmethodsappliedto sweptstructures.Forthisreason,
althoughstructureB is a horizontalstabilizerand carry-overeffects
werepresent,_theseeffectswereignoredin thepreliminarycalibration>
andthedatatreatedas theywouldbe fora wingwherecarry-overeffects
areordinarilynotobserved.Forthefinalcalibration,however,carry-
overeffectswereincluded.

Preliminarycallbration.-Thepreliminarycalibrateloadswere
appliedon theleftsidealoneandon theright-sidealone. The chord-
wiseandsemispanlocationsof appliedloadsareshownin figuxen-end
theassociatedvaluesof shear,moment,and torqueare givenin tableV.
For the 16 bridgesshownin figure3, thebridgerespome coefficientsv
correspondingto eachp~intloadaregivenin tableV andthecorre-
spondinginfluence-coefficientvaluesin figures12 30 16. In figure17,
the influence-coefficientdataforthe leftshearandthe leftmoment
bridgesat gagestation2 havealsobeenplottedagainstthedistance
alongthesweepline,measuredfromthe intersect-ionof thesweepaxis
andthecenterline.

Of themanyequationswhichmighthavebeenusedto relateloadto
theoutputsof thevariousbridgeslocatedon eitherthe leftor right
sides,onlya limitednmber wereinvestigated.The limitationwas
guidedby thenatureof the influence-coefficientplots. The stiilarity
of theresponseof eachof thefourtorquebridges(fig.16)suggests
thatredundancieswillbe introducedifmorethanonetorquebridgeis
includedinanyequation.The similarityof theresponseof bothfront-
andrear-spdmomentbridges(figs.14 and 15)andthecomparative
absence.of bothsheareffect-sandnonlinearitiesin themomentcurves
implythatlittlewouldbe gainedby usingtwomomentbridges;therear-
sparbridgesactuallyusedhad thehighestmomentsensit-ivityas shown
by thegreaterslopeof the influence-coefficientplots. Thesecon-
siderationssuggestedthattheequationsfortheleftsidebe limited
to twoshearbridges,a bending-momentbridge,andoneof thefour
torquebridges.Equationsfortherightsidewere limitedto twoshear

.

.
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Althoughonlyonetorquebridgewas to be
leftside,a checkwasmadetodetermine

whichof thetorquebridgesgavethebestresults.Fortheshear,.
bendingmoment,andtorqueat station1 andshearandbendingmomentat
station2, thischeckinvolveda least-squsxescalculationof thecoef-
ficientsof fourdifferentequationseachinvolvinga differenttorque
bridge(20solutionsin all). Theseequationscanbe representedby the
generalform

{}
%=

.

~pl bp2 bp3 bs

bpl bp2 bp3 b~

bpl bp2 bp3 b~

bpl bp2 bp3 bp4

.+

bP5 0 0 0

0 bp6 O 0

100 bp7 O

000 bp8

(40)

where ~ is a generalloadtermandvaluesof p from1 to 5 corre-
spondrespectivelyto VL1, ‘Ll) ‘Ll~ ‘L2>~d ML2. Althoughboth—

bpl ad bp2 areshownin equation(n-o),only theappropriatevalue
isusedforcalculationsat station1 or station2. Thevaluesof the
coefficientsbll,. . . b58 are givenin tableVI alongwiththe
probableerrorsandtheprobableerrorof esttite of eachof theequa-
tions. The coefficientswerecalculatedby solutionof the least-
squaresnormalequationsof theformof equation(15)obtainedfromthe
calibrationdataof tableV.

The
tionsof
by means

The
valueof

probableerrorsof thecoefficientswerecalculatedby equa-
theformof equation(21)andtheprobableerrorsof estimate
of equationsof the formof equation(18).

bridgesselectedforcombinationwerethosewiththesmallest
probableerrorandare indicatedby asterisksin tableVI. The

equations-correspondingto theselectedbridgecombinationswere

.

. H‘LlML
1

‘Ll

VL2

ML2

.

bll O %3 %4

b21 O b23 b24

b31 0 b33 b34

o b42 b43 %4

o b52 b53 b74

o

0

b35
o

0

0

0

0

0

b56

%7

b27
o

~47
o
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For therightsidewheretorquebridgeswerenot installed,the
equationsfor shear,bendingmoment,andtorqueat station1 andshear

,.

andbendingmomentat station2 were

--

II‘Rl‘RI

bll O h3 %4

b21 O b23 b24

HTR1 = b31 o b33 b3!L

‘R2 o b42 b43 b44

‘R2 o b52 b53 b54

(42)

Valuesof
givenin table

theload coefficientsbll,. . . bqk (eq.(42))are
VII togetherwiththeirprobableerrorsandtheprobable

errorsof estimateof theequations,allobtainedinthesamemanneras
withtableVI. Alsoshownin tableVI~i?e additionalequationsfor MR1
and VR2,indicatedby asterisks,whichwere calculatedwhenitwas found
thattherearshearbridgein theequationfor ‘R1 andtherearmoment
bridgein theequatipn‘R2 wereirrelevant.Thecoefficientsof the
bridgeswhichwereomittedweresmallwithrespectto theirprobable
errors,andwithrespectto thetemnswhichwereretained.

Basedon thepreliminarycalibrationcoefficie~tsgivenin tablesVI
andVII,thestrain-gagebridgesof equations(41)and (42)werecombined
electricallyto producecombinedbridges,accordingto thefollowing
equations: .—

For theleftside

.-

.

“
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and fortherightside

b21pM =—
RI hb24 ml + %M

b52
%

=—
R2 b54

Finalcalibration.- The
responseof bridgescombined
thenobtainedby applying15

b53
%RF2 ‘%*+%-RR+ b54

\

(44)

relationshipbetweenappliedloadandthe
accordingto equations(43)and (44)was
pointloadsper side. In thisfinalcali-

bration,symmetricalpointloadswereappliedin additionto leftand
rightunsymmetricalloads. The chordwiseandspanwiselocationsof
appliedloadforthefinalcalibrationareshownin figure11. Sincea
givenbridgewas requiredin morethanoneequationof equations(43)
and (44),a switchingarrangementwas employedin the calibrationwhich
automaticallysetup eachcombinedbridgein sequenceduringtheappli-
cationof eachpointload. Thevaluesof p correspondingto eachpoint
loadaretabulatedin tableVIII. Influence-coefficientplotsforthe
cctubinedbridgesaregivenin figures18 to 20 fortheunsymmetrical
loadingsforbothswept~d unsweptcoordinateaxes.

Had carry-overeffectsnotbeenpresent,thedataof tableVIII
wouldhavebeenusedsimplyto obtainthefinalloadcoefficientb!
andthisprocedurecouldordinarilybe usedwithwings,and forstrain-
gagestationslocatedotherthanat theroot. In orderto providea
calibrationwhichwouldpermitevaluationof loadson bothsidesof the
horizontaltailallowingforthecarry-overeffectsactuallypresent,
thedataof tableVIIIwereusedto computethe finalcalibration
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coefficientsto be usedin finalequations
sidesof the structure. In general,these

f- .
VL1

ML1

TL1

‘%?
Mti

‘Rl

‘Rl

‘Rl

VR2

‘R2
.

,=

o

b‘z

o

0

0

bt62

b’72

b‘~

“92

b’lo,l ~’lo,2

o

0

b133

o

0

b’63

b’73

b’83

btg3
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invQlvi&bridgeson both
equationswouldhavethefoz’m

.

0 0 b’16b’17b’~e o 0

0 0 b’26b127bf28 o 0

0 0 b’36b’37 b’38 ~ o

b144 O “46 “kT -b’48 0 0

0 b’55 b’56 b;57 b’58--0 0

0 0 bt~6 O 0 0 0

0 0 0 “77 0 ‘0 o

0 0 0 0 bt~ O 0

0 0 0 0 0 b’w o

b’lo,30 0 0 0 0 6 b‘lo,N
.

. .

(45)

butallof thecarry-overtermsmay notbe requiredinanyparticular
case. Thevaluesof thecoefficientsactuallyneededintheseequa-
tionsarelistedin tableIX togetherwiththevaluesof theprobable
errorof esttiateof eachof the 10 equations.

As a checkon theseequations,threedistributedloads Bl~ B2~
and B3 shownin figure21 wereappliedto thestructure.For these
loadings,theresponseof eachof the10 combinedbridges,theapplied
andcalculatedvaluesof shear,bendingmomenti,---mdtorque,thedif-
ferencesandpercentagedifferencesaregivenintableX.

DISCUSSION

StructureA

The influence-coefficientplots,figures5 to 8, forthepointloads
appliedduringtheprei.iminarycalibrationof teststructureA showthat
theresponseof the individualbridgesto shear,moment,andtorqueis
notas definedby equation(3).,but“includessomeof theadditionalterms
shownin equation(4). Thetorqueeffectis smallin themidsparshear
bridges(figs.5(b)and6(b))andabsentin themidsparmomentbridges
(figs.7(?J)and8(b)). Withtheexceptionof theleftmidsparmoment
bridge(fig.8(b))themomentbridgesare comparativelyfreeof the
effectsof fionlinearity,as shownby thestraightnessof the linesfor
theloadingon eachspar. In general,theresponseof eachbridgeto
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. carry-overis similarto thecharacterof theresponseof thebridgeto
loadson thesameside. Theprincipalcarry-overeffectis oneof
bendingmoment.

Comparisonof theprobableerrorsof estimateof thepreliminary
partialcombinationequationsgivenin tableII withtheaverageapplied
loadsshowsthatthesimplifiedequation(37)is adequateforeliminating
theeffectsof torqueandthe othertermsin equation(k)responsiblefor
curvaturein the influence-coefficientplots. Althoughequationssimilar
to equation(31)werenot tested,it appearsdoubtfulthattheiruse
wouldhavegivensignificantlybetterpreliminaryloadcoefficientsfor
determiningthecombiningratios.

The responses%L) %LJ %R) and %R of the fourcombined

bridgesbasedon the dataof tableII andequation(38)andshownin
figure9 in influence-coefficientformindicatethatthecombined
bridgesareessentiallyfreeof theeffectsof chordpositionof load.
Theyareaffectedto someextentby momenton theoppositeside,since
inwritingequationsof thefozmof equation(37)thiseffectis not

. eliminateduntilthe finalcalibration.The finalequationsforevalu-
ating VL, ML~ ‘R} and ‘R usedforevaluatingtheseloadsin flight
andgivenin the lowerhalfof tableII indicateprobableerrorsof. estimateandprobableerrorsin thecoefficientsof thesameorderof
magnitudeas thepreliminaryequations.The probableerrorsof esti-
mateareroughly1 percentof theaverageappliedloads. The comparison
shownin table111of theappliedcheckload Al withthe loadsgiven
by the finalequationsshowsthatthe differencesare lessthanwouldbe
expectedfromthesizeof theprobableerrors in the coefficientsof the
finalequations.In general,theseerrorsare of thesameorderof
magnitudeas theexperimentalerrors.

StructureB

The influence-coefficientplotsfortheshear,moment,and torque
bridgesof structureB, figures12 to 16, showmarkedcurvaturesof the
sort whichmaybe ascribedto thepresenceof thehigher-ordertermsof
equation(4). Whenvaluesof the influencecoefficientsforbridgesat
station2 (fig.17)areplottedagainstdistancealongthesweepaxis,
theplotsshowthesamecurvaturesas areshownin figures13 and 15,
but front-andrear-sparbridgesreflectmoreclearlytheeffectsof
thechordpositionof the loadrelati~eto thebridgelocation,aa in
structureA. Thusmeasurementof loadson axesrelatedto thesweep
axesmaybe treatedin thesameway as measurementof loadson an
unsweptstructure.In viewof thesimilaritiesbetweenthe influence-
coefficientplotsof bridgesat station1 (parallel to the centerline)
andthoseof station2 (perpendicularto thesweepaxis),theuseof
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strain-gagebridgesintherootareaof a swepti-structuredoesnot
appearto presentanyproblemswhichareessentiallydifferent–fromthe
we of bridgesin therootarea”of’anunsweptStrUCitire..The useOf
suchbridgesofferstheadditionaladvantagesof momentandtorqueaxes
whichcorrespondto theusualaxesforloaddistribu~innandairplane
stabilitydetermination@. -

Thepreliminarycombiningequationsforthe leftside,equa-
tion(41),andtherightside,equation(42),differsincemorebridges
withdifferentcharact~isticswereavailableon the leftBidethanon
theright. Comparisonof thevaluesof probableerr~rof estimatefor
thebestpreliminaryequations,tableVI, withthecorrespondingprob-
ableerrorsof esthnategivenintableVII showsthatloadmeasurements
on the leftareprobqb.lymoreaccuratethanthoseofi-theright.

the
for

the

As an illustrationof the improvementinmeasurementof sheszon
leftusingthefourbridgescombi~edaccordingto equation(41)
VL1,overtheresultswhichwouldbe obtainedb_yusingsayonly

front-sparshearbridgeat station1, theapplicationof least
squaresandthedataof tableV to an eqktion of thet~e VL1 = b~u

1
showsthat

andtheprobableerrorof estimateP.E.(VLl~i8 92 pO~ds. Hadthis

measurementbeenattemptedby usingthebestcombinationof bothfront-
andrear-sparshearbridgestheequationwouldhave_been

VL1=5%LF1 and 33@vm

andtheprobableerrorwouldhavebeen29 pounds.Additionof therear-
sparmomentbridgeg$yes

witha probableerrorof 13 pounds,while
tivesheartype’of bridgein thereartop
(fromtableVI)

addition.ofthetorquesensi-
torquebox givestheequation

.

.

—. ,

‘L1 = 545WVLF1+ 440iivm - 220~R + 105~T
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witha probableerrorof estimateof 9 pounds. The improvementin each
equationin turnas measuredby theprobableerrorof estimateis
statisticallysignificant.

The outputsof thecombinedbridges,withoutputsgivenby equa-
tions(43) and (44), shouldhavebeenpureshear,moment,or torqueirlso-
faras theasymmetricalloadingsare concerned.As shownby thespan-
wiseor chordwisevariationsof thevaluesof influencecoefficient,fig-
ures18 to 20, thecombinedshearbridgesareverynearlypureshear
bridges;forthemomentbridges,the influencecoefficientvariesdirectly
withthedistanceoutboardof the gagestation,and,forthetorquebridge
(fig.20),the influencecoefficientvariesdirectlywithdistancefrom
thetorquereferenceaxis. As in thecaseof theprobableerrorsof
estimate,thecombinedbridgeson the leftsideare generallybetterthan
thecombinedbridgeson the right. These plotsalsoindicatea lossof
responsefortheshearbridgesat station2 (fig.19)whenthe loadis
appliedon the,frontsparin thevicinityof thebridgestation.A
similarlossof responsewas evidentforthe front-sparshearbridges
at station2, figures12(b)and 13(b). Thislossin sensitivityappears
to be a localeffect,associatedwiththefactthata bridgedoesnot,
in general,respondto a loadappliedinboardof thebridge,and it has
onlya limitedinfluenceon theprecisionwithwhichshearcanbe
determined.

Examinationof theeffectsof carry-over,shownin tableVIIIand
figures18 and 19, showsthatin threeoutof theten cases

(
Pv~2, ml,

and %Rl) bridgescombinedon thebasisof loadsappliedto thessme

sidehadnegligiblecarry-overeffects.Whenfinalcombiningequa-
tions(45) weredeveloped,applicationof least-squaresprinciples
showedthatin thesethreecasesthecoefficientsforall thebridges
on theoppositesidecouldbe neglected,as shownby thezeroesin the
equationsfor VL2) TL1~and,MR1 presentedin tableIX. In the case

of VL2 and TR1,thefinalequationsrequiredthe inclusionof an

additionalbridgeon thesameside.

The finalequationsshownin tableIX haveprobableerrorsof esti-
mateof roughlythesameorderof magnitudeas theexperdentaldata.
The shearvaluesof thethreedistributedloads Bl, B2, and B3
obtainedfromthefinalshearequationsaremoreaccurateforthe
leftsidethanforthe rightsidefor station1 (seetableX). Forest-
ation2, theshearvaluesforthe leftsidearenot so accurateas for
theright,but arestillwithinthelimitsthatwouldbe estimatedfrom
theprobableerrorsof the loadcoefficients.Whenthe distributed
checkloadswereappliedwithsandbagsto structureB, center-of-pressure
locationscouldnotbe heldto thepreciselimitspossiblewiththe

.
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relativelysmallerpadsusedforapplyingpointloads.A comparison,
therefore,of thedifferencesbetweencalculatedandappliedbending-
momentvaluesfortheleftandrightsidesisnotespeciallysignifi-
cant. The largestdifferencein inch-poundsis equivalent-toan error
in center-of-pressurelocationforthedistributedloadof 1.8inches
or 2 percentof thesemispan.

Applicationto OtherStructures

Outlineof stepsincalibrationprocedure.-Applicationof the
basicloadcalibrationmethodto wingsandvertical tailsdiffersin
no essentialdetailfromthe general-proceduresjustdescribedforthe
twohorizontalstabilizers.Sincethebasisof themethodis general,
themethodisapplicableto othertypesof aircraftstructures,suchas
controlsuqfacesor landinggears. No hardandfastrulesof procedure
can be givenwhichwillapplyto allcases,sinceeachstructurepre-
sentsindividualproblems,someof whichcannot-be recognizeduntilthe
dataof thepreliminarycalibrationareanalyzed.Certainstepswhich
arecommonto allcalibrationsmaybe outlined,however,andthefirst
of theseis installationof thestrain-gagebridges.Shear-or moment-
typebridgesshouldbe so orientedas to respondprimarilyto theforces
ormomentswhichtheyare intendedto measure.Since-itcanusuallybe
assmed thatsuchbridgeswillrespondnot onlyto thedesiredforceor
moment,butto otherforcesormomentsas well,enoughbridgesmustbe
installedto permitdevelopmentof theappropriateequationsrelating
loadandbridgeresponse.

Thesecondstepin thecalibrationprocedureinvolvesa choiceof
thecalibrateloads. Thischoiceinvolvesa selectionof thepointsof
applicationandtheshearvaluesto be appliedat thesepoints.Forthe
principalliftingsufacesa minimumwouldappearto be threechordwise
positionsat eachof threespanwisestationsof eachpanel. Theshear
valueswillordinarilybe determinedby a safelocalstress.

Thethirdstepisapplicationof thecalibrate--loads.Theseare
ordinarilymosteasilyappliedwithJacksthroughpadslargeenoughto
preventlocalbuckling.In orderto assessanypossibleeffectsof
elasticlag,applicationandremovalof theseloadsby incrementsis
recommended.To providedataforevaluatingtheeffectsof carry-over
the loadsshouldbe appliedto onesidealone,to theothersidealone,
andto bothsidessimultaneously,as withstructureA.

Thefourthstepin thecalibrationprocedureinvolvesevaluation
of thepreliminarycalibrationdata. Influence-coefficientplotspro-
videa usefulguideto thecharacteristicsof eachbridge,and thus
assistin establishingtheformof thepreliminarycalibrationequa-
tions. A furtherguideas to thechoiceof bridgesliesin calculation

.
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. of theprobable
coefficientsof

errorof esttiateandtheprobableerrorsof the load
thepreliminaryequations.

The finalstepin thecalibrationproceduredependsuponthe
resultsof thepreliminarycalibration,inrelationto theelectrical
recordingequipnentavailableand thenumberof differentloadswhich
it is desiredto measurein flight. If measurementsof shear,bending
moment,andtorqueare desired,and carry-overeffectsarepresentsuch
thatallbridgesareaffectedby shear,bendingmoment,andtorqueof
bothsides,thenfullelectricalcombinationappearsto be impracticable
sinceallbridgeswouldneedto be installedin sextuplicate.On the
otherhand,thesesix quantitiescouldallbe determinedby numerical
evaluationof the individuallyrecordedresponsesof a muchsmallernum-
ber of bridges.An exampleof a compromisebetweenthesetwoextremes
was providedby structureA wherea partialcombinationprocedurewas
usedwhichrequiredonlyfourrecordingchannelsforflightmeasurement
anddidnot requirethemultipleinstallationof strain-gagebridges.
If a bridge-combinationprocedureis to be usedforflightrecording,
thestructuremustbe recalibratedin orderto determinethefinalcali-
brationcoefficients.A distributedloadshouldalsobe appliedas a
checkon the finalcalibrationequations.Forwingstructureswhere
applicationof distributedloadsmay notbe practicable,checkloadsmay
be appliedthroughthe jackingpoints..

Flightloadmeasurements.-A strain-gageinstallationcalibrated
accordingto themethodsgivenin thepresentpaperwillmeasurestruc-
turalloadsrelatzveto somereferencecondition.The loadbn theair-
planeon the groundis themosteasilydeterminedreferencecondition.
Providedthe landinggearis inboardof thestrain-gagestation,changes
instrain-gageresponsefromthegroundto flightat lgare proportional
to theaerodynamicload. If theairplaneweightis carriedat points
outboardof thestrain-gagestation,correctionsforthewheelreaction
areapplied.Correctionsmustalsobe appliedforany changesinweight
distributionoutboard“ofthestrain-gagestation.Underaccelerated
flightconditionsthe loadsmeasuredby thestrain-gageinstallationare
structuralloads,and inertialoadsmustbe addedin orderto obtainaero-
dynamicload.

Someinstrmnentationrequirements.-Strain-gageinstallationmethods
suchas thosegivenin references10 and 11 aresatisfactoryforloads
measurementprovidedfour-active-armbridgeswithmatchedindividual
gagesandshortinterconnectingleadsare employed,as illustratedin fig-
ure 1. Direct-currentsystemsat presentprovidethemoststablecircuit
characteristicsformeasuringbridgeoutput,and thusarebeingusedfor
flightaerodynamicloadsmeasurementsby theNACA.

Becauseof thepossibilityof sensitivitychangesor of zerodrift
intherecordingapparatus,provisionmustalsobe madeto accountfor
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suchchanges.Changesin sensitivityresultfromchangesin supply
voltageto thestrain-gagebridgeandto therecordinggalvanometers
elements;driftresultsfromtemperatureeffectsOrithegalvanometers
elementsand fromtemperatureeffectson thestructure.Althoughdrift
dueto changesin temperatureisminimizedby theuseof four-active-
a?.mbridges,as shownin figure1, stressesintroducedby temperature
gradientswithinthestructurearenot compensatedanda temperature-
calibrationprocedurewouldbe neededif”theseeffectswereappreciable.
Althoughsensitivitychangesand galvanometersdriftaregenerallysmall
withdirect-currentstrain-gageequipment,in practiceit hasbeen
desirableto takecalibratesignalsalongwiththegroundzerorecords
andbeforeeachrun in flight.A no-voltagegalvagometerzero is also
recordedon thegroundandbeforeeachrun in flight.Withtheuseof
thisinformation,correctionscanbe appliedto thestrain-gage-
deflectiondataof eachrunto referit to a groundreferencecondition,
whicheliminatesthenecessityforestablishingin-flightreferencecon.
ditionsby meansof specialmaneuvers.

CONCLUDINGREBIKRKS
.

ll?hegeneralprinciplesoutlinedh theprevio~ sectionshave been
successfullyappliedto manymorestructuresthanhavebeenusedas .
examplesin thisreport.Althoughthepointloadmethodhas forsome
timebeenthestandardcalibrationprocedureat theNACA,theparticular
methodsforreducingthe dataandof combininggagesgivenin thepres-
ent reportaretheresultof continualimprovements.Theyare still
subjectto a certainextentb the judgment-andexperienceof the
engineer.Althoughtiprovementsin detailarestillpossible,it
appearsthatfutureworkshouldincludetheeffectsof temperature
gradientswithinthestructurein anticipationof measuringloadsunder
supersonic-flightconditionswherethermaleffectsmaybe appreciable.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitt-eeforAeronautics,

LangleyField,Vs.,Aug.12,1952.

.
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APPENDIX

SIMPLIF12ZDCAIJZRATIONPRCCEDURXS

Thefactthattheresponseof severalbridgesin structuresA
andB is apparentlyadequatelyrepresentedby thesimplelinearrelation

Vi = ailv + ai~ + ai3’T

forcertainregionsof loadapplicationsuggeststhatthecalibration
proceduresoutlinedin thepresentreportcouldbe considerablysimpli-
fied. One suchsimplificationcouldbe thearbitraryapplicationof three
calibrateloadsto a structurewiththreebridges,anddeterminationof
thecalibrationcoefficientsby the solutionof the threesetsof three
simultaneousequations.

If smalldeparturesfromtheprecedingequationexist,thevalues
of thecoefficientsobtaineddependuponthethreepointschosenfor
loadapplication.In additionsmallerrorsin measurementgreatly
influencethevaluesof the coefficients.Unlikeresultsobtainedby
leastsquares,the solutionof threesuchsimultaneousequationsoffers
no informationaboutthereliabilityanddoesnotpermitassessmentof
reliabilityforotherloadingconditions.Sinceneithertheeffectof
errorsin measurementnortheexistenceof smalldeparturesfromthe
previousequationcanbe determinedfromthreeappliedloads,sucha
simplifiedpointloadcalibrationis notrecommended.

All thedisadvantagesinherentin simultaneous-equationsolution
forcalibrationcoefficientsarepresentin a commonlyusedmethodof
calibrationin whicha pureshear,a puretorque,anda purebending
momentareappliedto a structureandcoefficientsdeterminedby
simultaneous-equationsolutionsinvolvingtheresponseof threebridges
to tkethreeappliedpureloads. Conformityto thepreviousequation
cannotbe establishedby theapplicationof onlyonepureshear,one
purebendingmoment,andonepuretorquebut onlyby theapplicationof
loadsat manychordwiseand spanwisestations.Sincetheapplication
of manypureloadsto a structureis alsodifficult(requiringspecial
jigsandfittings),it offersno particularadvantagesas a calibration
procedure.

Themaximumvalueof loadwhichcanordinarilybe appliedto a
structureat a givenpointwithoutriskof localfailureis in many
instancessmallas comparedwiththemagnitudeof theloadsmeasuredin

.
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flight.A methodof calibrationwhichpermitstheuseof largedis-
tributedloadshasalsobeeninvestigated.Thismethodin certain
limitedapplicationswouldpermitthedeterminationof notonlythe
totalload,but alsothemagnitudesof thevariouscomponentssuchas
theadditionalandbasicairloaddistributions.Thebasisof the
methodliesin thefactthat,fora particulardistributionof load,
theresponseof a strain-gagebridgewillvarylinearlywiththemagni-
tudeof thatload. Consideringthetotalloadtcrbemadeup of several
suchdistributions,someof whichwillbe symmetricalor antisymmetrical
zero-liftdistributionsbut allof whichwillhaveroot-bending-moment
values Ml, . . . Mn,thefollowingequationsmaybe writtento express
theresponseof n differentbridgesto the n loa~:

(Al)

i=l, 2, 3, . . . n
j=l,2,3, . ..n

The coefficientsaij aredeterminedfromthe strainresponsesPi
forloads MI to Mn as

(A2)

The equationsforusein evaluatingtheloadcomponentsarethengiven
by

{“J=bl-’t’} (A3)

The totalmomenton thestructureis

M= L Mj (A4)

The shearcomponentsV~ are

(A5)

(A6)

.

.

andthetotalshearis



NACATN 2993 37

The torque

where kj
momentand
i&3

componentsTj are

Tj = kjM~

expressestheexactrelationshipwhichexists
torqueforanyparticularloaddistribution.

(A7)

betweenthe
The totaltorque

(A8)

In practice,if fourstrain-gagebridgeswereavailable,fourdif-
ferentloaddistributionsrepresentingtheprincipalcomponentsof the
loadon saya wingpanelsuchas additional,basic,ailerondeflection,
anddampingin rolldistributionscouldbe appliedin thecalibration.
Themethodsuffersfromthedisadvantagesinherentin solutionsbased
on simultaneousequationsinvolvingan equalnumberof loadsandbridges.
If theflightloadswereactuallya compositeof variousproportionsof
thecalibrateloadd-istributions,thenusefulinformationaboutdistribu-
tioncouldbe obtained,but changesin theshapeof anyonedistribution
canresultin unrealisticvaluesforallthedistributions.A comprehen-
sivetestof thedistributedloadcalibrationmethodhasbeenmade. The.
datawhichillustratedtheimportanceof theforegoingshortcomingsare
notincludedin thepresentreport,sinceit is believedthatsucha
methodof studyingflightloadswouldbe restrictedto low-speedtests
of rigidstructures,andis not sufficientlyflexibleto giveuseful
informationin generalflightloadsinvestigations.
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-64V t 500 5729* 375 18,645i 425 ---------------------- -w-p ~ 615 430
-6twj*400 5410? 345 20,044‘i445

----------
-----------.---------- -----------+345 * &30 *

b~ b43 b~ b45 b~ b47 b~ P.E.(VQ),lb

blo~ 14 4.@*9 -33* ~ 125*Z2 ----.---------------------------- 14

‘L2 ● :g; g
J/l@*~ -21*I6 ----------- 41?22 .----------.---------- 17
Wcl*ll &4 -i14 ---------------------- 125*18 ----------- 1.3

455i 14 ~Cj* “14 -37* 21 .-.-..---.------------ ----------- 46*26 17

% %3 % %5 % 57 w P.E.(~), In.-lb

-569 ~ 430 3570 t am 32,2@.3t WI 310t 6&I

%

----------- ----------- 44-O
+ -639Jt’320 39!50*150 31,735t 3En

..........----
-----------l-po* &io ---------------------- 400

+4J40t 393 3780* 3yJ 31,9P ~ ~ ---------------------- &o -i610 430
-- * 370 33UJt 3fXl 32,J+&~ 570

.------.---
---------------------- -----------J-lJo~ 710 45a

*– < ...”. 7
Equatlonewed fordctemiinlngcombiningratica.

~
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.TABldZVII

LOADCOEFFICIENTSANDSUMMARYOF PRELIMINARY

FORSTRUCTUREB - RIGHTSIDE

PROB~IXERRORS

Equation Loadcoefficients,bij for Probableerrorof
for equation(42) estimate,P.E.

VR1 bll b13 %4 P.E.
()
VR1 , lb

655 i 10 380-F5 -225* 10 10

b21 b23 b24 P.E.()‘RI > in.-lb
‘Rl 3150i 525. 10 *“”175 27,240k 490 557

* 3~65t 375 ---------- 27,2&5f43’3 548

b31 b33 b34 P.E.
‘Rl ()TR1 )

lb-in.
-10,635i 495 7990t 85 17,07554.. 509

b42 b43 b44
P.E.

()
VR2 , lb

VR
2 * k952 15 42ot 10 -50~ 17 20

495* 15 395 ? 8 ------------ 21

b52 b53 b54 P.E.
()‘R2 ~ in.-lb

‘R2 -4675t“300””2700? 215 31,%5 * 350 403
—

*Equationusedfordeterminingcombiningratios.

.

.
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TdBtEvIII

FIRALCALZ2RATIOUDATAFORSTHFXUREB

9
9

;
7
6
5
5
b
3
3
2
2
1
1

Rear la 1.- 1 1.463Front~ I.z
Rem l.lwRem % .*Front~ .988Rem 1.WWU 1.485
Front E 1.485
War ~ 1.838
Rem 7!$3 l.klm
Front VO 1.430
M= 1W3 1.338
Front 1000 1.=.38

50

1.339
1.309
1.175
1.035
1.773

::F7
2.m
1.722
1.226
1.63k
.921
.921Rem lWJ –:E

Front100O .753 .Za5

LertI
0.940

.715

.874

.&b

.*

.955
1.3cbs
.777
1.721
l.h-cl
.&38
1.610
.41.1
1.=
o

Leftstabilizer I Ri@.stabilizer I

9

:
7
7
6
5
5
4

:
2
2
1
1

Mu’
mont
Rem
Be.m-
Fmnt
Reu
mar
Front
mar
Rem
Front
Roar
Fhnt
Renr
Front

1.2@
1.“239
1.3.02
.983
.938
1.738
1.b85
U@
1.838
1.430
1.430
1.338
1.338
.750

1.463
1.309
1.309
1.175
1.035
1.773
1.773
1.467
2.2Q0
L722
1.225
1.634
.921
.921
.215

Right side I.ca&d. I
0.940

%?
.804
.*
.955

1.308
.777

l.-F!l
Lg

L61.o

I I I I I
Mth

9
9
0
?

2
5
5
4
3
3

:
1
1

Real- 30
Front -ail
RQai- a
&m 2?4
Front !2yJ
Rear yxl
mu !xM
Front
RO.U- %
Rear m
Front v
RtlLr m
Ii-antI.000
Rear m
Front m

1.209
1.203
l.lti
:%
1.738
1.485
1.485
1.838
l.kjo
1.430
1.338
1.3343
.750
.-m

1.463
1.309
1.309
l.lm
1.035
1.773
1.773
1.467
2.200
1.722
1.226
1.634
.921
.921
.215

I 1 I I I I I I I I

0.940
.-m
.874
.&4
.560

1:?8
.7-77
1.7’21
l:g~

1.610
.kll.
1.2543
0

40.03
-.00
-.
-. 0
0
-. 0

4-.03
.01

-.04

-::4
-. 0

-:03

-0.003 0.036 0.040 0.02a
.03-3 .O1o .Cc8

- :% .032.033.Olg
-.CMJ3.028.032.012

.004.004.002
-:Z .Om .054.024
-.007.044.046.021
.012-.o@-.005.002
-.wa .054.057.024
-.W -Wa .054.024
.014-.033-.039-.W9
-.W .0% .055.025
.M1-.057-.0?5-.021.034

.039.c&2.0L9
.023-.Om -.@o-.031

0.325
.301
.32b
.324
.-

:%
.594
.942
.978
-w
1.2-P
1.242
1.219
1.292

0:~B80.3$

.441 :337

.431 .2%
a% .2g

.874 :457

.8!% .417
1.292.*1
1.3X2.465
1.259.383
1.691.4W
1.744.ku
1.576.M6
1.474.311

0.35a 0.401
.333 a=
.332
.=97.354
.266.297
.518.6k5
.450.572
.383.b38
.576.-w
.k55.665
.3cm.348
.b40 .789
.238.216
.219.6L5
.15-.097

0:;2

.204

.283

.Wi’

.5-@
-m
.615
.m

:F4
1.212
1.*
1.144
1.369u0.4050.3840.3980.498

.41W .357 .352.387

.401.3* .354.447

.4C6.303.318.417

.402.288.278.315

.822.3* .587.700

.833.495.5@o.720

.821.414.375.422
1.272.601.630.932
1.266.& .4e6.777

;:$ :;$ :$ :%
.057

1:528.I.90:253.704
1.515.279.olE?-.298
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TABLEIx

SUMMARYOFFINALHMO COEFFICIENTSAND

PROEAB~ERRIIWFORSTRUCTUREB

.

.

Final
equatia
for

bad coefficients,b’iJ forequation(k5) Probableerror
of estimate,P.E.

b’lB
90*U

b’28
-4045i 325

b’38
0

P.E.()VLl, lb
10

b,
6701~2

b’16
o‘Ll

P.E.()ML1, in.-lb
429

ML
1

P.E.()TL1> lb-in.
873

b’33
18,915k 370

b’37
o
I

b’36
0

b’~ b’47 b’k8
o 0 0

P.E.@~), lb
17

b’44
576i 5%2 b’h5

-1.12t“15 .

(%)P.E. M , Ln.-lb
1470

“55
39,225t 900

b’56
o

“57
5070t 19E!0

b’58
-5820t 1160%

.

P.E.(VRI),lb
18

b’61
0

b ’62
-200t 25

b‘fjG
785*5

b’77
32,315t 325

v~
1

P.E.
()
MR1, in.-lb
605

b’71
o

b’72
o

MR
1

P.E.()TRl, lb-in.
1017

b’%
2430t 565–

“93
95i 25

b’88
16,545t 565

b’99
60525

TR
1

P.E.()VW , lb
22

b’gl b’92
o -115* 30

P.E.(M~),in.-lb
822

b’lo,l b’lo,2
o 7300t 121:

b’lo,lo
36,965t--475

b’lo,3
-6665* 905‘R2

—
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TABLRx

DmT~ CEIXKIDADDA!I!AFOR SI!HJCWRXB

Codinedbridgarea~nnm, P
Distribution
(fig.’21)

~q ~ ‘L1 w% %% ~Rl WI WI w% %%

B1 -1.$!24 -1.2’(3 -1.321 -!?.724 -1.140 -1.571 -1.in -1.337 -2.ml

%2

-1.1C6

-la% -1.240 -1.303 -2.535 -1.107 -0.795 -0.m -0.673 -1.101 -0,52

% -0.%7 -0.617 -0.663 -1.221 -0.565 -1.57’8 -1.147 -1.305 -2.2U0 -1.082

Shear,mnsnt, endtorquecomparisonfrcmequation(45)

‘Ll ‘L1 %1 ‘~ ~ ‘R1 %1 ‘%t~ VFQ \

B1 AwMed -1300
Calculated -I!z99 $;;2 :2% ::2 :$;% :% :;!;E :;Z;E ::: $;?;
Difference 1 .?: 552 -26 -2083 395 ly;

-?5
+-@

Percentdifference -0.1 . .2.3 2.0 5.1 -1.0 -?5 1.4

~ AwLled -13wJ -38,35o-25,5@o-lyre -b#&o -w,175 J2,792 -650 -20,400
Cdmllatcd -lcm +y

:$: -$6 -Y#y
q -18830 -10,890 .6J4 -Co,m

Difference 25 3i5 1902 -377
Percentdiffezwce -2,0 5.5 . . -2.5 -1.8 -14.9 -2.5 1.9

q t@led -@ -p,lm 4.2,792 -690 -m,4ca -1.w I -38,3X -25,584 -1300 Jm,lwl
cdcUwtM 435 -la930 -12,543 4!0 -XJ,393 -I-&# I -3%73 -24,315 -1250 +393
Difference u 2L5 249 lo 7 12@ W7
Percentdifference -%.3 -1.3 -2.0 -1.5 0 -3.9 -3-3 -5.0 -?9 -1.7



.—

(a) !Cypical strain-gage installation of ehear and moment bridges.

, ,

mf%1 3
R RB

GalV

4 2

(b)Electrical-circuit di~sm for

single f’our-active-arm bridge.

)

4
:-,

10 I

(c) Electrical-circuit diagram for two bridges combined.

Figure L- Typical strain-gage installation and electrical-circuit
diagrams for a single four-active-arm bridge and for two bridges
combined.

g

a
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>; Shearbridge

=:Moment bridge

Rearspa

.— .— Midspar

Frontspar

~

18.25 0 18.25

Rightstabilizer Leftstabilizer

Figure2.-Strain-gagebridgelocationsforstructureA.
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SectionA-A

-.. .-

;: shem andtorque bridges U
Iv

H Momentbridges

+
/ \\

/
/ I ~,

b Torque reference line
—— —

Gage station 1

G3ge station 1
Gage station 2

Gage station 2

Torque station
I

12.50 0 12.50

Distancefromcenter line, in.

Left stabilizer Rightstabilizer

Figure3.- Strain-gage bridge locations for etructure B.
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Fuselage side
E

I
~Gage station

Petit load,lb
o 500
•1 1500
Q 2500

1 r
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/
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1
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--—- __, ----- _

I
I ~ Rearspar

Row

v -— — nu -— . -— - ————Rear

.-+”–
I _- —- *–”–—- “ ~-

A -———- ~-
Midspa.r~.— -—. —

Frontspar -
I

I

o 18;25 50.00 130,00 198.50 269,00
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Distancealongsemispanfromcenterline,h.

F&ure k - Loading points for structure A.
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.

4- ,1GSgelocation ❑Mid
oResr

\ o
o’ 1 I I 1 I Iv 1 I

(s)Frontspsr.

8-

4- Gsgelocstion

<,~,
of 1 t 1 1 Al

- ~

(c) Rear spsr.
-8 L
240 240 lb li. ; k o :0 A.. &””A &do

Distanceslong.semispmfromcenterLine,h.

Figure~.- InfluencecoefficientsforstructureA - uncombinedright
shearbridges.
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12x10-4

8-

4-
(s)Frontspar.

o

-4-

.8I_ I I I I I

8x10-4
%]> [

I 1 I I

4_
z Gsgelocstion

$
g 0,

(b) Mid SW.

I I 1 I 1 1 I 1 1 I 1
aJ

1-4-

-6L 1 I I I I [ I I I

16X 10+ *

8-

4- Gegelocstion

o
(c) Resr spa.

-4_

L
-82b Z&3 lb I& A d o !& .4 I&l IL A do

DistaucesLongsemispsnfromcenterline,is.

Figure6.- &f luencecoefficientsfor structureA - u.ncomhined left
shearbridges.
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2OX1O-4

16-

12-

8-

4-

Appliedleftload

Gage lwation

\

AF@M rightload

.

<
\

(a) Fron!SW.
I 1 , , 1

I 1 # 1 1 1

16x 10-4
[

12–

8-

GagOlocation
4-

.,> ;/, (b)Mid spar.

01 $ 1

.-23-.

16_

12_

8-

4-
GO.gelocation

01
(c)RearSW’.

1 I , 1 , 1 1 I t I

-4_
~

-w I I I LIII III
240 Jo lb m 53 40 0 40 m 122 la mm

Distancealongsemlwan from center UrIe, tn.

Figure7.- Influencecoefficientsforstructure A - uncombinedright
momentbridges.
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.

.

.

a)x lo+

18.-

12-

8-

4-

I I 8

-4L I 1 I I I

24 x 10-4

a3_

16_

12-

8-

4_

A@fedrfghtload

Raw
OFront
ElMLd0-

@ge LxaUOn

/ (a) Frontw.

L ! I I I t

/’- Gage l!x.atLOn

(b)MldSW.

I 1 I ! I

/

GageIOcatlm
(c) RRu- spar.

+!_2402io A & a!l 4:
i
o A ; do A

Distance alo~ semispan from center W, In.

Figure 8.- Influence coetf’icients for structureA - uncombinedleft
momentbridges.
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$x 10-4 b
Appliedleft load

[

&@kd rightload OFront
❑Mid

4- OREW

! I

-4-
(a) Rfghishear.

+ I I I 1 ,.[ l.. I 1 I !
-.

6 x 10-4
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a
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u

I

.

.

I 1
●

-4-
(c) Rightmoment. t
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-8L I I L
240 Al

I
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I
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Figure9.- InfluencecoefficientsforstructureA - combined
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Figure11.- Loadingpointsfor structure B.
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(a) Frontsparstation1.
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o I I I I I I [

16X 104
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Figure12.- InfluencecoefficientsforstructureB - uncombtiedright
shearbridges.



62 NACA
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Figure13.- InfluencecoefficientsforstructureB - uncombined
shearbridges. -.
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Figure14.- InfluencecoefficientsforstructureB - uncombinedright
momentbridges.
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. Figure16.- InfluencecoefficientsforstructureB - uncombinedleft
torquebridges,-
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Figure 17. - Infhence coePfIclents for structure B - uncombinedleft
shear and maoent brldgm, gage station 2.
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Figure 18.- Influence coefficients for stmcture B - ccunbined bridges,
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. Figure20. - InfluencecoefficientsforstructureB - combinedtorque
bridges.
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